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M. L Stelts~ and J. C. Browne
Lawrence Livermore Laboratory, University of California, Livermore, California 94550

(Received 27 December 1976)

The spectra of y rays from the capture of neutrons by
' 'Ta were measured at the Livermore 100-MeV

linac for neutrons from 2 eV to 3 keV with a Get,'Li)-NaI three-crystal spectrometer. Neutron resonances
were resolved to 200-eV neutron energy. Individual primary y-ray transitions to final states in '"Ta were
resolved to 1778-keV excitation energy, These transitions were used to place 110 states with spin and parity
assignments in the "Ta level diagram. A set of 1240 E1 transition strengths was extracted from 19
neutron resonances of known spin and parity. The most likely g fit to the distribution of these widths
yielded 1,38 + 0.11 degrees of freedom. The E1 transition strengths were also examined for correlations with
the reduced neutron widths of the initial and final states. The El strength function was extracted forE„=4.3 to 6.1 MeV and compared with previous results.

NUCLEAR REACTIONS isiTa(& y) E =2 eV-3 keV measured o(E, E&), E&, I&,.
deduced Q, ' Ta levels; extracted I » distribution, strength function, correla-

tion coefficients. Natural target, three-crystal Ge(Li)-NaI spectrometer.

I. INTRODUCTION

Neutron capture y-ray measurements for the
"'Ta(n, y)"'Ta reaction have been published pre-
viously by several authors. " Reference 1 re-
ported detailed spectral information for seven re-
solved resonances below 50 eV neutron energy us-
ing a single-crystal Ge(Li) detector Refe.rence 2
listed y-ray spectra for the capture of neutrons in
a 800-eV w'ide beam centered around 2 keV neutron
energy also using a single-crystal Ge(Li) detector.
Both measurements yielded spectroscopic infor-
mation on the energies and spins and parities of
final states in '"Ta for excitation energies less
than 1.24 MeV.

The present measurement improves on the earl-
ier results by measuring the y-ray spectra from
neutrons captured by "'Ta over the entire energy
range from 2 eV to 3 keV using a three-crystal
[Ge(Li)-NaI(TI)] spectrometer. The excellent 6-
function response of the detector allowed final
states in '"Ta to be assigned up to an excitation
energy of 1.778 MeV. In addition to this spectro-
scopic information, a set of 1240 E1 transitions
was obtained from 19 resonances of known spin
and parity to determine its consistency with a
Porter- Thomas distribution which is expected
from a statistical description of the matrix ele-
ments involved in the deexcitation of the capture
states. ' The E1 transition strengths were also
examined for any correlation with the reduced
neutron widths of either the initial or final states
in "Ta. The y-ray strength function for '8 Ta was
also extracted for the y-ray energy range from
4.3 to 6.1 MeV and is compared with previous re-

suits. The energy dependence of the strength func-
tion is examined to determine whether it is more
consistent with an E&' dependence or with an E&'
dependence, as predicted by the Brink-Axel hy-
pothesis. '

II. EXPERIMENTAL TECHNIQUES

The experimental methods used in this experi-
ment have been described in detail in previous re-
ports" so that only certain necessary aspects will
be discussed here.

The capture y-ray spectra for the "'Ta(n, y) re-
action were measured using a three-crystal spec-
trometer [Ge(Li)-Nal] at the Livermore 100-MeV
electron linac. The electron beam was stopped in
a water-cooled tantalum target which served as the
neutron source. The neutrons were moderated in
a water-filled can which surrounded the target.
The energy of the neutrons was determined by
measuring their time of flight to the "'Ta sample
located 13.4 m from the neutron-producing target.
The experimental facility is shown in Fig. 1. In
this experiment, the electron beam parameters
typically were 100 MeV energy, 100 nsec burst,
720 Hz repetition rate, and 100 pA average cur-
rent. The sample was a 50-mmx 100-mm sheet
of natural tantalum (99.988% "'Ta) with a thick-
ness of 0.965 mm. The total running time was 75
h.

The three-crystal spectrometer consisted of a
Ge(Li) central detector which wa.s a true coaxial
diode, 2 cm in diameter by 7.6 cm long (17.6 cm').
This detector was sandwiched between two 127-mm
diameter by 127-mm thick NaI(Tl) scintillators
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energy is shown in Fig. 4. Sample y-ray spectra
for the 4.28-eV neutron resonance and for the neu-
tron energy intervals from 20 to 100 and 100 to
200 eV are shown in Fig. 5. The energy calibra-
tion was established relative to natural chlorine
thermal neutron capture lines, ' "via the tech-
nique described in Ref. 5. Assuming the 6062.6-
keV transition in the "'Ta neutron capture data to
be the transition to the ground state, the Q value
for the "'Ta(n, I ) reaction was determined by the
relation
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where M~c' is the rest mass of '"Ta. This yielded

Q = 6062.7*0.5 keV, which is in agreement with the
results of W'asson et al. ' at 6063+ 0.6 keV, and

Helmer, Greenwood, and Reich' at 6062.9+ 0.5 keV.

A. p-ray spectra from resolved resonances
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FIG. 4. Neutron time-of-flight spectrum as a function
of neutron energy for p-ray events depositing between
2.4 and 6.1 MeV in the three-crystal spectrometer.

known spin and parity. The second set consisted
of y-ray spectra summed over large bins of neu-
tron energy in the range 20-3000 eV. From the
first set, information was obtained on spins and

parities of the final states in "'Ta, the E1
strength function, and the statistical distribution
of partial radiation widths of E1 transitions. The
partial radiation widths from this set were also
examined for correlations with the initial and final
state reduced neutron widths. From the second
set, information was obtained on the neutron ener-
gy dependence of the averaged primary intensities
and the strength function.

The y-ray counting rate as a function of neutron

As a consequence of the Porter- Thomas fluctua-
tions in the partial radiation widths, there is a
high probability that any given transition in a given
neutron resonance will have such a small width as
to be unobservable. Therefore, the density of ob-
servable peaks should be smaller for isolated res-
onances than for spectra summed over many neu-
tron resonances. This can be seen by comparing
the spectra for the 4.28-eV resonance in Fig. 5

with the summed spectra. Consequently, if we
analyze spectra from isolated resonances, peaks
can be resolved to a much higher excitation ener-
gy. If the sample of isolated resonances is large
enough, the probability of missing E1 transitions
will be small. Table I lists the resonances ana-
lyzed individually. All were adequately resolved;
published" values of the spins and parities were
used in this analysis.

The y-ray peak positions and areas were ex-
tracted using the method described in Ref. 5. The
areas of the extracted peaks were converted to in-
tensities via the following procedure. It was as-
sumed that for a heavy nucleus such as Ta the
capture spectrum is sufficiently complex that the
total number of counts obtained by integration over
a sufficiently large span of y-ray energy should be
proportional to the number of neutron capture
events occurring in the sample. For each neutron
resonance i the number T; was extracted, where
T, was the sum of all counts in the channels which
corresponded to the y-ray energy range from 2.4
to 6.1 MeV. T; was corrected for background and
continuum events under the resonance. The in-
tensity I&& for the transition from initial state i to
final state f is given by

Agq
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FIG. 5. Pulse-height spectra for the three-crystal spectrometer for the 4.28 eV resonance and the neutron energy
regions 20 to 100 eV and 100 and 200 eV. The ground state tg.s.) transitions are indicated. The energy calibration
is 2.29 keV/channel.

Here, A. &&
is the area of the peak at energy Ey «.

c(E ) is the detector efficiency shown in Fig. 3.y«
N is a constant chosen to normalize the sum of the
intensities of the 6063-, 5965-, 5889-, and 5770-
keV transitions of the 4.28-eV neutron resonance
to the values of Ref. 13. The values of Ref. 13
were determined by measuring the intensities of
these lines relative to several well-known lines in
the "'Au(n, y) spectrum for the 4.9-eV reso-
nance.

The average partial radiation width for a transi-
tion of multipolarity I. from initial state J,"' to
final state J'~"~ can be expressed" as

lfg Ql + y~xL«DJ'] Ey 'f

where X is either E (electric) or M (magnetic),
and D~" is the level spacing of the initial states of
spin and parity J"'. For y-ray energies around 6
MeV, empirical estimates" are that M1 partial
radiation widths are approximately

„

the E1
widths, and higher multipolarities are orders of
magnitude lower still for this region in the Peri-
odic Table. It is therefore reasonable to define a
partial strength function S« for dipole radiation as

I I'„
(~)3

Dgksy «
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TABLE I. List of 19 resonances analyzed for resolved
transitions.

in Eq. (2) can be expressed as

EO
(eV)

2gI"„
(meV) and

5.45 x 10-~
Sy —

3 I~ MeV
ykf

(4a)

1

2

3

5
6

8
9

10
11
12
13
14

15
16
17
18
19

4.28
10.34
13.95
20.3
23.9
30.0
35.2
35.9
39.1
49.2
63.1
82.9
99.32

103.5
105,5
115.1
126.5
166.4
194.8
200.0

4+

3+

3+

4+

3+

3+

4+

4+

3+

4+

4+

3+

?
3+

4+
3e'

4+

4+

3

4 4
4.08
1.14
1.15
6.5
0.22
9.3

16.9
44 9
1.05
5.8

14
115

1.1 j~

41
8.5

112
40

Because of the large ratio of 2gI'„, this was treated
as a single 3' resonance.

7.05& 10
(4b)

yif

where the intensities are expressed in photons/
1000 captures and E&&f is in MeV.

The set of intensities I«was extracted from the
resonance data by fitting to each of the 19 reso-
nances all the y-ray lines found in any of the 19
resonances listed in Table I, plus lines found in
the background.

Table II lists the excitation energy, spin, and
parity of each level which was observed in this
experiment below an excitation energy of 1778 keV
in I82TR. Also listed is the average value of S
and S& for each level from which the spin and par-
ity assignment w'as deduced as discussed above.
The level scheme of Ref. 2 is also given in Table
II. The uncertainties in the excitation energies
were determined by the least-squares fitting pro-
gram, or set to 0.5 keV, whichever was larger.
A discussion of the "'Ta level scheme will be
given in Sec. IV.

where I'& is the total radiative width of the com-
pound state. For "'Ta+n, only 3' and 4' initial
states in "'Ta can be populated from the (+)'
ground state of "'Ta by s-wave neutrons. There-
fore, by averaging S&f over the 3' and 4' initial
states, respectively, there should occur three
groups of average S;f, depending on whether the
transition can proceed by E1, M1, or only higher
order multipole transitions. Thus if
S(3' -2,3, 4 ) = S(4"-3,4, 5 ) = 1, then
S(3'-2', 3', 4') =S(4'-3', 4', 5') -0.1, and
S(3'-5 ) =S(4'-2 ) -0.0. Therefore, determina-
tions as to whether the final state spin and parity
is 2', (3, 4), or 5' can be made. The experi-
mentally measured level spacing for 3' and 4'
states is 4.4+ 0.3 eV." If it is assumed that the
level density p& in ' Ta for states of spin J can
be expressed as

(3)

Dg = 1/pg,

then D, = 10.1 eV and D, = 7.82 eV, where D, and

D, are the level spacings for J =3 and J=4 states,
respectively. The quantity p, (E) describes the ex-
citation energy dependence of the level density.
The experimentally determined I'& for neutron res-
onances in '"Ta is (55~2) meV. " Therefore, S&~

B. Averaged neutron p-ray spectra

In addition to the 19 resolved neutron reso-
nances, the y-ray spectra were summed over the
neutron energy groupings: 20 to 100 eV, 100 to
200 eV, 200 to 400 eV, 600 to 1000 eV, and 1000
to 3000 eV. y-ray peak areas and centroids were
extracted by automatic peak-fitting routines' for
these groups. The data were converted to ener-
gies and photons/1000 captures in the same manner
as for the resolved resonance data.

Twelve transitions, not seen in the resolved
resonance data, were observed in one or more of
the averaged spectra. They are indicated with a
"C" following the energy in Table II. Two of these
transitions are to 4' final states observed by
Helmer et al. ' The rest are assumed to be positive
parity states also, but no J' assignments were at-
tempted. In some instances, where there was not
a clear distinction between El and Ml transition
strengths in the resolved resonance data, a dis-
tinction could be made from the intensities of the
averaged data. These levels are indicated in Table
II by an "e" following the recommended J' value.

IV. DISCUSSION

A. ' Ta level scheme

Table II lists the excitation energies, spins, and
parities of all the final states in '"Ta that were ob-
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TABLE II. Levels in ' Ta observed in this experiment along with the average strength from
3' and 4' resonances. The most probable J' is underlined.

Present results
Sey $4'

(keV) (MeV+ & 10~} (Me V & 10~}

Helmer et al.
E„

(kev)

0.0
16.9

(90.2)
98.2

114.6
149.9

U
173.0
237.3
245.S'
251.5
270.1
292.5

U

U

U
359.6
365.5

U

U
U

458."
U

477.4
491.0
505.4

U
547.0

U
566.5
571.8

U

U
627.8
650.5
659.2"
662.S'
667.9
701.1
719~ 6
740.9

U
781.9
791.0
816.7
830.5
835.9
S42.0
856.1

U
881.2
897.5
910.3
914.7

U
939.6
960 ~ 0

0.7
1.7
0.5
0.5
1.1

0.5
0.5
1.6
1.0
0.5
0.4

1.3
1.3

1.2

0.5
1.4
0.6

0.5

0.5
2.2

0.5
0.5
0.5
1.Q
1.4
0.5
0.5
0.9

0.5
1.6
0.5
1.6
0.5
1.2
0.5

0.8
0.5
0.5
0.5

1.5
1.5

1.74
&0.01
0.04
2.35
1.62

&0.01
0.07

Q. 17
0.98
0.05

0.28
0.11

1.15
0.60

&0.01

0.61

0.94

Q. 14
0.95
1.27

1.00
0.17
0.93
0.72

0.06

1.12

0.62
0.25
0.41

0.03
0.37
0.01
0.73

&0.01
0.24

1.28
0.10

&0 ~ 01
2.16
1.09

0.40
0.62

0.15
0.19
0.93

0.25
0.15

0.67
0.09
0.16

0.61

0.62
1.91
Q. 51

&Q. 01
0.78
0.40
0.18

2.46

0.91

0.80
0.74
0.23

0.20
0.80
1.31
0.78

0.17
0.29

3, 4
5+

3, 4, 5'
3, 4
3, 4

5

3, 4+

2, 3, 4
5

3 4
4+

3, 4
2
5+

3, 4

3, 4

5

3, 4
2, 3, 4

5
3, 4

2, 3, 4

3, 4

3, 4
3, 4, 5

3 4

3, 4, 5'
3, 4

5
3, 4

5
3,4-'

0
16.5
Ub

97.8
114.33
150.4
163.3
173.4
237 ~ 37

U
250.2

270.4
292.97
317'
331.4
334.8
360,53

U
397.3
402.65
423.5'

U
474.7
479.8
491.8
505.4
519.7
547.1
559
565.7
571.5
584
586.6
628,4
649 ~

659.6
U

666.0
702.0
719.6
740.3
777 '
780.0

U
S17.0

U
835.4
843.3
856.0
866.3
881.6
897.7
910.0
915.7
935.8
939.9
960 ~ 9

3
5+

4

4+

6+

+

2e d

5
6
q+

7'
3

+

2+

2+ 5+

4
2, 5

5+

10
3

3,4
4+

0
2+ 5+

5

3
3
2

3

4
3, 4
2, 5
2, 5
3, 4+

2, 5
3, 4
2, 5

(2 5)'
2, 5
3, 4"
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TABLE II. (Continued)

~x
(keV)

Present results
S3g S~

(keV) (MeV~ x ].D~) (MeV-' x 10')

Helmer et al. ~

E
0 eV)

985.6
999.8

1021.6
1028.4
1049.9
1056.6
1082.0
1101.2
1113.6
1125.0
1136.9
1150.4
1170.4
1196.0
1203.1
1216.1
1229.7
1240.4
1260.1
1269.5
1279.8
1284.4

U
1298.6'
13Q2.5
1321.0
1326.0
1350.5
1360.4
1371.1
1377.3
1389.0
1393.4
1416.7
1445.1
1452.2
1471.9
1479.7
1490.4
1496.4
1527.1
1538.1
1541.7
1545.6
1551.6
1555.7
1570.8
1577.2
1582.3
16P4.9
1612.0
1617.5
1628.3
1635.6
1641.8
1646.1
1650.5

0.5
0.8
1.5
0.6
0.9
0.5
0.5
0.8
Q.5
1.5
0.6
0.5
0.6
1.Q
1.8
1.1
0.5
0.5
0.5
0.5
0.5
0.5

1.0
0.6
1.5
2.2
0.9
0.8
0.5
] 4
0.5
0.8
1.5
1 ~ 6
3.0
0.7
0.5
1.5
0.5
0.5
1.5
0.6
2.3
0.5
0.8
1.2
0.8
0.6
1.7
0.8
2.5
0.8
0.8
1.5
2.0
2.7

0.74
0.27
0.16
1.81
0.56
0.85
0.55
0.02
0.20

0.27
0.45
0.31
0.73
0.27
0.52
0.30
0.76
0.97
0.35
0.42
0.71

0.33
1.56

&0.01
0.42
0.15
1.Q6

1.59
1.33
Q.72
0.85
0.63
Q. 56
1.16
1.58
0.81
1.44
0.29
0.68
0.77
0.53
0.01

&0.01
0.49
1.20
1.35
0.60
0.74
2.5
Q.40
p. 52
0.59

&0.01

0.38
0.20
0.07
0.25
0.54
1.13
1.45
0.39
1.10

Q. 3S
0.60
1.06
0.29
0.27
0.05
1.77
0.39
0.30
1,74
1.94
0.47

0.70
l.04
Q, SO

0.68
P.60
2.15
0.42
0.92
1.33
p. 21
1.26
0.55
0.65
1.74
0.45
l.66
2.11
0.28
0.82
0.23

&0.71
0.95
Q. 12
0.93
2.23
1.91
0.42
1.11
1.55
0.54
0.97

0.87

3,4
3, 4
3, 4'~
3, 4
3, 4
3, 4
3, 4"
5"

3, 4
3,4
3, 4

2, 3, 4
3, 4, 5'

2

3, 4
3,4
3,4
3,4
3, 4
3, 4

(2 5)
3,4
3, 4
5

3, 4
5

3,4
3, 4
3,4
3, 4
3, 4
3, 4
3, 4
3, 4
3,4
3, 4
3,4
3,4"

3, 4, 5
3, 4
2

5
5
2

3,4
3,4
3,4
3,4
3, 4
3, 4
3,4
3,4

(2 5)
5

986.6
1003.4 ~

U
1029.4
1050.5
1057.7
1082.6
1100.7
1113.5
1125.1
1137.2
11,50.3
1169.6
1197.9

U
1216.3
1229.8
1240.4
1259.4
1270.3
1281.1

U
1289.5

U
1303.5
1322.5

U

U

U
1371.3
1376.8
1388.4
1393.9
1416.4
1446.0

3, 4
2, 5

3,4
3, 4
3, 4
3, 4
2, 5

2, 5

2, 5

2, 5

2, 5

2, 5

3, 4

2, 5

3, 4
2, 5
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TABL E II. {Continued)

E
(keV)

Present results
S3y S~

(keV) {MeV-' x 107) (Me V ~ 10')

Helmer et al.

(keV) J'
1657.6
1661.7
1667.0
1674.3
1679.6
1695.4
1701.1
1711.6
1724.7
1734.1
1746.5
1756.3
1762.5
1765 9
1769.6
1778.3

Q.6
0.6
1.5
0.6
0.5
0.5
1.5
1.2
0.9
0.9
0.9
1.4
1.2
1.9
1.Q
1.2

1.10
0 ~ 10

0.55
0.98
1.30
0.55
1.50
0.38
0.03
0 ~ 53

&0.01
&0.01

0.22
0.56

0.37
0.75

0.62
1.18
0.86
1.13
0.69
0.58
0.19
2.19
0.16
0.63

0.01
0.63

2, 3, 4
5

(2-5)
3, 4
3, 4
3, 4
3,4
3, 4
3, 4
3,4
3, 4

5
5

(2-5)
3, 4
3, 4

~Reference 2. Decay of 'NHf, '82Ta~, thermal capture, and 2 keV capture.
0 designates an unobserved transition.
Seen only in averaged spectra.

~There is probably an unresolved positive parity state at this excitation.
~Parity assignment from averaged spectra.

Helmer et ai. regard the existence of this level to be questionable.
~Helmer et gl. see possible splitting of this level.
"The level at 662.8 seen in the averaged spectra probably contributes to this level.
~This level was observed in (d,P). The energies have been adjusted by Helmer et al. to

correspond to their energy scale.
~ Helmer et gi. see E =1000.4 +0.5 in thermal capture.

tained in this experiment. The results are com-
pared in Table II with the results of Helmer et aL. ,

'
who studied the level structure of "'Ta using the
decay of '"Hf to '~Ta, thermal neutron capture
by "'Ta and 2-keV (Scandium filter) neutron cap-
ture by "'Ta with single-crystal Ge(Li) spectro-
meters. They have also included the
"'Ta(d, p}'"Ta results of Ref. 17 along with a pri-
vate communication from Erskine in their proposed
level scheme for "'Ta.

1. Excitation enemies

The present results are in reasonably good
agreement with Helmer et a/. in the region of over-
lap. A weak transition to a state at 90.2 keV was
seen in the present resolved resonance data that
was not seen by any of the previous investigators.
The intensities for this line were at the threshold
of observability except in the 4.28- and 20.9-eV 4'
resonances. If the J" of this state is 3' or 4', a
strong 90.2 E1 transition to the 3 ground state
would occur which is not consistent with the weak
90.1-keV transition observed in the low y-ray en-
ergy thermal neutron capture data of Helmer

et al. ' Therefore, the state, if it exists, probably
has 4"= 5'.

Other previously unreported states below 1250
keV, which were observed in the resonance data,
occur at 365.5, 1021.6, and 1203.1 keV. These
levels all have positive parity and the transitions
populating them from the capture states are con-
sequently weak. All of these transitions are within
8 keV of strong E1 transitions and could easily be
missed in averaged spectral data with a spectro-
meter having less than excellent resolution, or
lacking the clean response of a three-crystal
spectrometer. Levels previously unreported in
this excitation range were also observed at 245.8,
458.2, 662.8, 791.0, and 830.5 keV in the average
spectra. Helmer et a/. ' reported levels with E,J' of 331.3 keV, 5'; 402.65 keV, 2'; 423.5 keV,
[2', 5'(? }]; 474.7 keV, 3'; 586.6 keV, [2', 5'('?)];
866.3 keV, (2, 5 ); and 935.8 keV, [(2-5)'] from
transitions in the 2-keV average neutron capture
spectra that were not seen in the present results.
(The "(?)" following the 8" means that Helmer
et al. consider the existence of these levels in
doubt. ) With the exception of the 866.3-keV level,
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these are all M1 transitions. All but the one to the
474.7-keV level have J& =2' or 5' and thus have
only half the probability of being observed as a 3'
or 4' state.

Wasson et aL. ' observed most of the allowable
dipole transitions below the 1300-keV excitation
seen in this experiment. They do report a level at
1054.2 keV which is not observed in either the
work of Helmer et al. ' or the present work. Above
1330-keV excitation, we were able to resolve
transitions up to 1780 keV. Forty-one previously
unreported levels were observed in this region.

2. Spins and parities

Spinandparity assignments for the states at
98.2, 114.6, and 270.1 keV were determined by
Helmer et al. ' by studying the p decay of '"Hf to
the 270.1-keV state and by measuring the y decay
branching ratios from this state. The assignments
for the 519.7-, 334.8-, 163.3-, and 16.9-keV
states were made by observing the cascade,
branching ratios, and electron conversion spectra
for the decay of the 16-min half-life 10 isomer of
'"Ta at 519.7 keV. They extract further informa-
tion on spins and parities of low-lying states by
fitting the relative intensities of low energy transi-
tions from thermal neutron capture to theoretical
predictions. For final states with spins and parit-
ies in the range 2' to 5, they examined the inten-
sities of primary transitions from the capture of
an 800-eV wide beam of 2-keV neutrons and, by
assuming an E' y-ray energy dependence for these
intensities, extracted the relative strength func-
tion. By examining the relative strengths, the
final state spins and parities could be determined
to be (3, 4), (2, 5), (3, 4)', or (2, 5)'. Some ad-
ditional information came from the strengths of
the "'Ta,(d, p)"'Ta reaction. They attempted to
consolidate this information into a self-consistent
level scheme using a rotational model with Corio-
lis coupling based on excitations of the deformed
proton and neutron orbitals.

Up to an excitation energy of 668 keV there is
excellent agreement between the present spin and

parity assignments and those of Helmer et al.
The states at 270.1 and 659.2 keV were assigned
J'=2 by Helmer et a/. However, we observed a
definite strength for transitions to these states
from 4' resonances which was consistent with M1
strength, while the strength from the 3' reso-
nances was consistent with E1 strength. For the
659.2-keV state, an adjacent level of probably
positive parity at 662.8 keV was observed in the
average spectra. This state was not included in
the fit of the resonance spectra and could explain
the finite strength from the 4' resonances. Pos-

sibly there is also an unobserved positive parity
level near 270-keV excitation.

Above 670 keV the agreement of spin and parity
assignments between the present work and Helmer
et al. is not as good. As excitation energy in-
creases, the difficulty of making plausible assign-
ments on the basis of nuclear models becomes in-
creasingly difficult. Furthermore, above 840-keV
excitation, they rely entirely on their 2-keV cap-
ture data to extract spins and parities. Since the
Porter- Thomas fluctuations in their finite sample
of capture states allow some overlap between sets
of intensities for various combinations of final
spin states, this disagreement is not unexpected.

B. Distributions of partial radiation widths

To determine the distribution of reduced partial
widths for El transitions, a set of 1240 transi-
tions was selected from the 19 resonances in Ta-
ble I. Possible doublets were rejected, as were
transitions to final states where the J' assign-
ments were in doubt. Since the raw partial widths
I'z z (Z;z) are functions of both y-ray energy and

i f
the density of the initial states, the reduced partial
widths were used. They are defined as the partial
strength functions S;& in Eqs. (4).

The distribution of partial widths is expected to
follow a X' distribution with v degrees of freedom.
This distribution p(s, p) is given by

(5)

where s=S,&/S, p=& v, I'(p) is the gamma function,
and S is the average of all S,f.

The method of analysis used for extracting v was
that of Perkins. " He defines a truncgged X' dis-
tr ibution

p(s p o) = ' (ps) 'pe ', o ~ s ~ ~,+(p, o.)
&(p)

(6)

where z is the point of truncation and

1
&(p, o)=

f p(x, p)dx

The point of truncation n, was determined by the
following method. The set of reduced errors (c, }
was formed as

e, = AS~/S,

where AS& is the uncertainty for a particular
transition strength and S is the simple average of
all S, . Both the mean and the median of (e, }were
computed. Then + was taken to be the lesser of
the mean or median.

The likelihood function



GAMMA-RAY SPECTRA FROM CAPTURE OF 2-eV TO 3-keV. . . 583

f (P, )=gp(s» )
10

1.2—

1.0—

U

CL

0.6—

DISTRIBUTION OF REDUCED PARTIAL MIDTHS

FOR 1240 TRANSITIONS
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FIG. 6. The distribution of E1 partial radiation widths
observed in this experiment. The differential distribu-
tion is plotted as a function of x=(S/8}' . The maximum
likelihood fit for g distribution with &=1.38 is plotted
as well as the distributions for &=1 and &=2.

is then formed and the logarithmic derivative is
set to zero to find the maximum likelihood. From
the N values of s& ~ n and tables calculated by

Perkins, one can extract v and ~v.
For our sample of 1240 E1 intensities this meth-

od yields v=1.38+0.11. A fit to the data for this
value of v is shown in Fig. 6, where the data have

been plotted as a function of the variable x = Ws.

p(x, v) for v= 1 and 2 have also been plotted. The
distribution is clearly not fitted by v= 1 or 2. The
fit for v= 1.38 is quite reasonable except for an ex-
cess of levels at x= 1.8. This bump cannot be
fitted with any single X' distribution.

Wasson et al. ' extracted a v from a set of 50
transitions from 9 resolved resonances giving a
total sample of 450 transitions. Since they did not
know the final state spins and parities they per-
formed Monte Carlo calculations with a model as-
suming M1 and E1 transitions between states dis-
tributed with a (2J'+ 1) level density dependence for
both initial and final states with the appropriate
selection rules applying and compared these re-
sults with their data. They found v=0.75'0 J3 for
the results of their analysis.

X.'
tD
Ch
Lal
LLI
CK
LL

1—
CD

() (i" (i

C) ~

Statistically, if the distribution for resolved
transitions follows a X' distribution with one de-
gree of freedom, the distribution for an unresolved
multiplet with n components will follow a X' dis-
tribution with n degrees of freedom. To verify that
the value of v extracted in this experiment was not
contaminated by unresolved E1 doublets, the data
were subdivided into 100-keV bins in y-ray energy
and the fitting procedure repeated. The results are
plotted as a function of E„in Fig. 7. Since the
sample size is now much smaller, the variance
of v is much larger. The results are consistent
with no energy dependence of v and no increase in
unresolved doublets as the excitation energy in-
creases.

We also investigated the effect of the E&' de-
pendence assumed in Eqs. (4) on the distribution
of partial radiation widths. If we use an E&' de-
pendence in Eqs. (4), we obtain a value for v= 1.51
+ 0.14 which is consistent with the E&' result.

Since our E1 partial width distribution was
drawn from a reasonably large set of neutron res-
onances (19) and included a large set of final states
(60 for 3' resonances and 70 for 4' resonances),
the departure from a Porter-Thomas distribution
would appear to be significant. This deviation has
also been observed for heavy nuclei by other

01 I I I I I I

40 44 48 52 56 60 64 68
E (NeY)

Y

FIG. 7. The maximum likelihood values of the number
of degrees of freedom for the El partial radiation widths
divided into 100-keV bins as a function of y-ray energy
are shown.
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workers. "" It may be that this deviation from
the statistical picture is indicative of nuclear
structure effects. Beer" has proposed a theory
for treating an anomalous width distribution but it
does not provide any model for the nuclear struc-
ture effect involved. To determine if our v=1.38
is indicative of nuclear structure effects, we have
examined the data for correlations between the
partial radiation widths and the reduced neutron
widths of the initial and final states. This is dis-
cussed in the next section.

C. Correlation of y-ray intensities

The existence of correlations betweenpartial radi-
ation widths and the reduced neutron widths of either
the initial or final states has been reported by several
authors (see Ref. 19). Various models have been
invoked to explain these correlations. No attempt
will be made to discuss any of these models. The
reader is referred to several review articles for
a complete description. "'"'"

The low-lying states in '"Ta have been described
in Ref. 2 with the Nilsson model" as members of
the rotational bands built on the intrinsic states
resulting from the coupling of the odd proton and
the odd neutron. In particular, the K=3 and 4
bands for the (—,"[404],+ [510]j configuration and
the K=2 and 5 bands for the P, '[404], + [512]]
configuration represent the majority of the low-
lying unperturbed rotational bands. However, due
to the Coriolis coupling of the 2 [510] and —,

' [512]
neutron orbitals, there is a significant amount of
K mixing for these levels. Table III lists ten low-
lying states in "'Ta which were populated by pri-
mary transitions from the 3' and 4 resonances
and also are described by the above configurations.
The "'Ta(d, P) differential cross sections for these
final states are also listed.

The reduced neutron widths I '„,for the nine 3'
resonances and the ten 4' resonances listed in Ta-
ble I were examined for correlations with the par-
tial radiation widths to the ten final states listed in
Table III. The linear correlation coefficient c for
two variables x, and y, is defined by

Zj(xj —x)(y, —yq

K, (x, - x)'Z, (y, -y)']"' '

If we define the average correlation coefficient as
c„=(1/N)Zj=,czj, where X=6 final states for the
3' resonances and X=9 final states for the 4' res-
onances, we obtain c„(3')= -0.12 and cs(4+)
=+ 0.03. The probability (P,) that a correlation
coefficient equal to or greater than the above value
could be generated by an equivalent set of random
data is 0.40 and 0.81, respectively. Therefore,
one must conclude that this is consistent with no

TABLE III. Low-lying states in '+Ta used for correla-
tion studies.

do'/dQ ~

( p,b/sr)

0
98

115
173
237
270
293
360
477
628

5
5
2

5

4
5

10.8
7.1

18.5
10.4
2.6
5.8

15.1
7.8
g.2

1.4

Values are from Hef. 17.

correlation.
We also examined the data for correlations be-

tween the partial radiation widths and the reduced
widths of the final states listed in Table III. For
an odd-A target nucleus the (d, p) differential cross
section can be expressed as'

Hj, =+A+6j~ z &

where 8» ~ is the reduced width amplitude for a
final state with a single K value and A~ is the ad-
mixed amplitude. Since there is this admixture of
K values, we therefore decided that we would look
for correlations between the measured quantity
do/dQ and the partial radiation widths rather than
with the reduced width amplitudes 8, , '. With the
set of final states restricted to those in Table III,
the average correlation coefficient for the 3' reso-
nances is cj(3') = 0.27 with P, = 0.05, while for the
4' resonances cj(4') =0.19 with P, =0.07. It should
be pointed out that these correlation coefficients
were also obtained if we assumed an E ' depen-
dence in Eqs. (4) for the partial radiation width
rather than E&'.

Therefore there is a significant correlation (at
the 90-95% confidence level) between the partial
radiation widths and the (d, p) differential cross

2 ~ji'pji ~

»
where S, , is the spectroscopic factor, the y, are
the intrinsic single-particle differential cross sec-
tions, and j and L are the total and orbital angular
momentum of the captured neutron. The spectro-
scopic factor is defined as 8»', where 8» is the
reduced-width amplitude. With the Coriolis mix-
ing, the final state wave function has an admixture
of several K values so that the 8;, must be ex-
pressed as
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sections. %e do not have an explanation for this
correlation except to note that a similar effect has
been noted in this mass region for '77Hf (Ref. 21)
and for the W isotopes (Ref. 22). The distribution
of partial radiation widths for "'Hf also deviates
from a Porter-Thomas distribution with the num-
ber of degrees of freedom v also equal to 1.38
(Ref. 21). It is interesting to note that the same
neutron orbitals, ) [510] and 2 [512], are in-
volved in the low-lying states for these nuclei.

IO (
I

(
I I

t
l

To E I STRENGTH FUNCTION

0. E1 strength function

The E1 strength function was computed by aver-
aging the same set of partial strength functions
from the 19 resolved resonances which were used
in the determination of v. Data were excluded
from the average if the parity of the final state
was in doubt or if a transition appeared to be a
multiplet. The average strength function obtained
in this manner is plotted in Fig. 8 using 100-keV
averaging bins for the y-ray energy. In this lim-
ited range of y-ray energy, the results are con-
sistent with an Ez' dependence for the intensities
with (S) =9.1+0.5xlQ ' MeV ' over the entire
data set. Least-squares fitting of the data to the
function AE& gives an exponent b = 2.52+ 0.61, con-
sistent with E&'. The dashed line in Fig. 8 is the
least-squares fit to the data using an E&' depen-
dence which is predicted by the Brink-Axel hy-
pothesis. 4

Figure 9 compares the strength function from the
present experiment with the "'Ta(n, y)'"Ta data of
Earle et a/. ,

"which were obtained from measure-
ments of the y-ray spectra from capture of O.V-

MeV neutrons using NaI detectors, subsequent un-

IO
CO

() )( ~

g(
)()(

IO
I ( I ( I ( I

4 5 6 ?
Ey (MeV)

FIG. 9. Present results for the Ta E1 strength func-
tion compared with the O.V-MeV (&, p) results of Earle
et al. (Ref. 23) and the tail of the El giant resonance.
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FIG. 8. The '@Ta E1 strength function is plotted ver-
sus p-ray energy. The least-squares fit of 8 =e&„
shown by the solid line and 8 =ag„bythe dashed line.

folding of the detector response, and correction
for cascade y rays. The present results are con-
sistent with the absolute magnitude of their data.
However, there is a discrepancy in the energy de-
pendence, as can be seen in Fig. 9. The predic-
tion of Bartholomew et al. ,

"based on the tail of
the (y, n) giant resonance, is shown as the solid
line.

To assess the validity of our strength function it
is necessary to look at two possible sources of
systematic errors. The first is that of missing
levels due both to the finite sample size and to the
experimental sensitivity. %e have sample sizes
of nine and ten for the 3' and 4' resonances, re-
spectively. If our sensitivity of detection is con-
servatively estimated to be 0.5 of the average E1
strength S, then the upper limit for the number of
El transitions missed is 11%. If all of the missing
transitions have a strength equal to 0.5S, then our
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strength function has been overestimated uniformly

by about F/q The second effect is due to the over-
lapping of levels at higher excitation energy.
Above 1400 keV, the average level spacing for
(2-5) states is approximately 10 keV. Levels
which are less than 2 keV apart most likely cannot
be resolved experimentally. If we assume an ex-
ponential distribution for nearest neighbor spac-
ings, then 18/() of the levels listed for the higher
excitation energies could be multiplets. If a 2

and a 5 level overlap we have made an incorrect
spin assignment because both 3' and 4' resonances
will show strength to the multiplet. However, such
an overlap will not overestimate the average E1
strength since the value of S& contains only the
3'-2 E1 transitions and the value of S& contains
only the 4'- 5 E1 transitions, Now consider the
remaining extreme assumptions. The first as-
sumption is that we can ignore the effect of multi-
plets involving the overlap of either a 2 or 5
with a (3, 4} because either S,z or S& will be af-
fected, but not both. This results in the average
strength being overestimated by 2%. The other
extreme condition is that we cannot ignore any
multiplets (except those involving only a 2 and 5

for the reasons mentioned above). This results in

the average strength being overestimated by 9%.
The actual situation is probably intermediate be-
tween these two extreme assumptions. Therefore,
the conclusion that can be drawn from this discus-
sion is that the strength function as given in Fig. 8

may be overestimated by &10' with the largest ef-
fect at the higher excitation energies. This possi-
ble source of systematic error tends to bring our
results closer to those of Earle et a/. in the 4-5
MeV y-ray energy region, but it does not change
our conclusion that our data are more consistent
with E&' than E '.

In addition to extracting a strength function from
the resolved resonance data, the averaged neutron
capture spectra discussed in Sec. III B were also
analyzed to obtain information on the strength
function. The data were analyzed assuming no
prior knowledge of the energies of the E1 transi-
tions. The ability to resolve transitions using
averaged neutron capture data was reduced com-
pared with the resolved resonance data because
there is a higher effective y-ray line density from
averaging over the Porter-Thomas fluctuations,
Also, there were poorer statistics and higher
backgrounds as the neutron energy increased. For
the average over the resonances in the neutron en-
ergy range E„=20to 100 eV, all E1 transitions
could be extracted up to 1200 keV excitation ener-
gy. However, for the average in the neutron ener-
gy range E„=1000 to 3000 eV, E1 transitions
could be extracted only to 200 keV excitation.

Where the transitions could be resolved, the inten-
sities from the averaged data agreed, to within
the statistical limitations set by the Porter-
Thomas fluctuations, with the average values from
the resolved resonance data. The only exceptions
were the transitions to the ground state and 98-
keV state. Here the average intensity decreased
as the neutron energy increased to a value con-
sistent with the average strength function (9.1
& 10 ' lgeV ') shown in Fig. 8.

These results were used to investigate the ques-
tion of how well the strength function could be ex-
tracted from the averaged neutron capture data.
If all transitions are assumed to be E1, a 2J+ 1
level density dependence is assumed, and the di-
pole selection rules are used, it can be shown that

S(E )=-' ~ '""'""M.V- (8)
3 D XE'

Y Y

Here S(E„)is the El strength function, I'z is the
total radiation width for capture of neutrons, D is
the level spacing of the 3' and 4' capture states,
I (E&) is the average capture intensity (photons/
1000 captures/MeV) in the bin whichis bE& wide
at E„,and N& is the total number of 2, 3, 4,
or 5 final states in the bin at the corresponding
excitation energy. For the range of excitation en-
ergies in which the transitions could be resolved,
the agreement with the resolved resonance data
was within 3(g. The range of y-ray energy for
which this can be done becomes severely limited
in comparison with the resolved neutron resonance
technique because of the high density of final states
at high excitation.

V. SUMMARY

High resolution measurements of the spectra of

y rays from the capture of neutrons by "'Ta were
made in the neutron energy range from 2 eV to 3
keV. Ninety negative parity states were observed
below 1.8 Me Y excitation in '"Ta. An additional
20 positive or undetermined parity states were al-
so found in this excitation region. Spins were de-
termined to be 2, (3, 4}, or 5. Thirteen previously
unreported states mere observed below 1450 keV
excitation. The measured level scheme is essen-
tially consistent with previous work below 600 keV
excitation, but the present results allom more re-
liable spin and parity assignments above this ener-
gy

A set of 1240 E1 partial radiation widths was ex-
tracted from 19 resolved resonances of known spin
and parity and fitted with a X' distribution. The re-
sult of this analysis was v = 1.38+ 0.11 degrees of
freedom, which is not consistent mith the predic-
tion of the extreme statistical model (v=1). To
determine whether this was owing to nuclear struc-
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ture effects, the partial radiation widths were ex-
amined for correlations with the reduced neutron
widths of the initial and final states. No correla-
tions were found between the partial radiation
widths and the initial state reduced neutron widths.
However, a significant correlation between the par-
tial radiation widths and the (d, P) cross sections
for the low-lying final states in '"Ta was obtained

for both 3' and 4' resonances.
The F-1 strength function was extracted from

both the resolved resonance data and the averaged
neutron data. The energy dependence of the
strength function was found to be more consistent
with an E&' energy dependence over the 4.3 to 6.1
MeV y-ray energy range rather than E&' as ob-
tained in previous experiments.

4%ork performed under the auspices of the U.S. Energy
Research and Development Administration. W-7405-
Eng-48.
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